Endurance sports are enjoying greater popularity, particularly among new target groups such as the elderly. Predictors of future physical capacities providing a basis for training adaptations are in high demand. We therefore aimed to estimate the future physical performance of elderly marathoners (runners/bicyclists) using a set of easily accessible standard laboratory parameters. To this end, 47 elderly marathon athletes underwent physical examinations including bicycle ergometry and a blood draw at baseline and after a three-year follow-up period. In order to compile a statistical model containing baseline laboratory results allowing prediction of follow-up ergometry performance, the cohort was subgrouped into a model training (n = 25) and a test sample (n = 22). The model containing significant predictors in univariate analysis (alanine aminotransferase, urea, folic acid, myeloperoxidase and total cholesterol) presented with high statistical significance and excellent goodness of fit (R 2 = 0.789, ROC-AUC = 0.951±0.050) in the model training sample and was validated in the test sample (ROC-AUC = 0.786±0.098). Our results suggest that standard laboratory parameters could be particularly useful for predicting future physical capacity in elderly marathoners. It hence merits further research whether these conclusions can be translated to other disciplines or age groups.
Introduction
Endurance sports, including marathon running and bicycling, are becoming increasingly popular, [1] in particular among the elderly. Especially distance runners are said to aspire to most efficient training in order to improve their competitiveness. [2] Whereas for elite athletes training intensifications might not necessarily lead to performance increases, [3, 4] the steadily decreasing running times within the cohort of elderly amateur athletes [5] suggest that for this a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 group there is still room for further improvement. Thus feasible models predicting the future development of physical performance with a view to adjusting training strategies are highly warranted.
Most studies aiming to predict the physical performance of endurance athletes concentrated solely on physiological and anthropometric surrogates or on training parameters. [6] In this regard, more than twenty years ago, Williams et al. found a significant link between VO 2 max and the time taken to complete a half marathon (r = -0.81, p<0.01). [7] Heil et al. reported highly significant correlations between ergometry parameters and bicycle uphill-times (r = 0.92-0.97). [8] Knechtle et al. predicted running performances of female half-marathoners using anthropometric and training variables such as body weight, skin-fold thickness and mean speed during training sessions. [9] However, data on the predictive capabilities of blood test results regarding physical performance are still sparse, although routine blood tests could be easily performed and blood markers might provide a valuable contribution to prediction models, since it is clearly established that recurrent exercise alters a high number of biochemical markers. [10] [11] [12] For instance, the effect of exercise on blood lipid composition is well established. [13] Less well known are the results of two independent groups [14, 15] describing low pre-run folate levels in marathon runners, one of these studies concluding that folate substitution had no effect on treadmill performance [14] . Moreover, Suzuki et al., Henrotin et al. and Hessel et al. reported higher levels of myeloperoxidase [16, 17] or lipid peroxides [18] during or after endurance running.
However, scientific results, especially laboratory tests, still have only a small effect on training adaptions, which is thought to be due to the fact that current training methods primarily developed by trial and error, since scientific evidence is obviously too limited to be considered. [4] Among the few relevant studies, Lippi et al. quantified a set of standard laboratory parameters shortly before a half-marathon run and found a significant association between increased blood platelet volumes and running performance. [6] In another report, the same group identified α-amylase, creatine kinase, blood glucose, high-density lipoprotein-cholesteron, lactate dehydrogenase, urea and uric acid as univariate predictors of half-marathon running performance when studying 43 amateur runners. Among those markers, α-amylase remained statistically significant after multivariate analysis. [19] Bobbert and coworkers reported correlations between marathon times and recent levels of circulating hormones, and especially for leptin (r = 0.607, p < .001). [20] Nevertheless, there is still an absence of longitudinal studies particularly assessing the predictability of medium-to long-term performance changes. We thus aimed to predict performance drops at a later point in time by routine blood parameters in a cohort of elderly marathon runners and bicyclists. Accordingly, our primary hypothesis was that the probability of these performance drops would depend on a set of baseline laboratory results (identified by univariate analysis). The probability could hence be calculated from these specific blood markers by means of binary logistic regression. The random division of our study cohort into a model training sample and a test (or validation) sample subsequently allows for validation of the computed model parameters in an independent sample.
Materials and methods Sample
The study population of this prospective observational study comprises 47 elderly marathon runners and endurance bicyclists (♀ = 4) who-out of a total of 63 screened athletes-met the applied inclusion criteria at baseline and could be re-evaluated after a three-year follow-up period. The reporting of the study conforms to the STROBE statement. [21] Further details on the design of the underlying Vienna Marathon trial can be derived from previous articles. [22] [23] [24] [25] [26] We included male and female individuals aged !60 years who had participated in at least one local competition during the previous three years (Wachau Half Marathon, Vienna City Marathon, Carinthian Marathon) and who reported a present training volume of !2 hours per week. In contrast, clinically manifest cardiovascular diseases, chronic alcoholism (>60g daily intake or diagnosed history of alcohol abusus) or unwillingness to give written informed consent led to study exclusion.
The Austrian Marathon study (APSOEM) was evaluated and approved by the local ethics committee of the Medical University of Vienna (assigned reference number: EK 401/2005) and registered with ClinicalTrials.gov (NCT01045031). All medical procedures conformed to institutional guidelines on good scientific practice as well as to the Declaration of Helsinki and its further amendments. Each participant gave written informed consent prior to study inclusion.
Biochemical analytes
Venous blood was drawn at baseline (approx. three years before performance reevaluation) between 10:00 and 10:30 a.m. in order to account for circadian variation. Following an explorative approach, a broad variety of biochemical analytes was chosen as a starting point for univariable correlation analysis. The available set of blood tests has been elaborated after weighing costs (costs for laboratory tests) and possible benefits (higher model accuracy due to a larger number of possible predictors) and was chosen in a way that each parameter represents one or more physiological systems or pathological conditions, as presented in Table 1 
Physical performance
Physical performance was estimated by means of ergometry (Ergometrics 900, ergoline GmbH, Bitz, Germany) after at least one rest day before the examination day. Starting with 25W, workload was increased every two minutes by 25W until the point of exhaustion was reached. The maximum workload given in [W] reached at the point of exhaustion represents the individual absolute physical performance in [W]. Relative physical performance was then calculated as the individualmaximum workload achieved calculated as a percentage of the final wattage relative to tabulated sex, age and body surface-specific performance references. [37] The participants' individual differences in physical performance between baseline and follow up were calculated as relative physical performance followÀ up À relative phyiscal performance baseline : Accordingly, a performance drop between baseline and follow-up is defined as any negative result of this expression.
Statistical analyses
Continuous data is given as median (interquartile range), or, if indicated, as median and bootstrapped 95% confidence interval of the median. Categorical data is presented as counts and percentages. Correlation coefficients between metric variables are expressed as Spearman's ρ. Possible differences of continuous data between both samples were compared by Mann-Whitney U-Tests and Wilcoxon tests (paired data) respectively.
Performance drops between baseline and follow-up were predicted by means of binary logistic regression models. For this, the total sample was randomly divided (random generator, SPSS 23, IBM, Armonk, USA) into a model training (N = 25) and a test (N = 22) sample. The idea behind this statistical approach is to validate a model, which is compiled using only data of the model training sample, within the test sample. A prediction model that was calculated solely within the test sample, would not show any predictive value within the independent test sample, if it was only a result of chance. In contrast, a successful translation of the model to the test sample (significant predictive capabilities in both, the model training and the test sample) would be indicative of a valid model. In detail, variables presenting with a statistically significant univariate correlation with the difference in physical performance between baseline and follow-up where chosen as predictors. Predicted probabilities for a performance drop were estimated within the model training sample and quality criteria of the model were assessed by means of ROC (receiver-operator curve) plots, Youden index and contingency tables. The model parameters derived from the model training sample were then used to generate the 
Results
47 athletes were enrolled into the present evaluation, four of them women. The median age of the total study population (N = 47, ♀ = 4) was 65 years (Q1-Q3: 61-68). Except for total cholesterol (<200 mg/dl) and 25(OH)D (75-250 nMol), all biochemical parameters were within the reference range. The relative physical performance amounted to 152% (127.9-169.2). There were no statistically significant differences between the model training and the test sample with regards to all assessed parameters. Detailed information can be derived from Table 2 .
Parameter selection
Between baseline and follow up, there was a slight decrease in relative physical performance: 152% (128-169) vs. 149% (122-162), Z = -2.036, p = .042 (see Fig 1) . In detail, 64% of the total (27) (28) (29) (30) 28 (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) 28 (27) (28) (29) (30) (31) .600 28 (27) (28) (29) (30) 29 (25) (26) (27) (28) (29) (30) (31) (32) 28 (26) (27) (28) (29) (30) .881
ALAT [U/L]
24 (22) (23) (24) (25) 23 (22) (23) (24) (25) 25 (21) (22) (23) (24) (25) (26) (27) (28) (29) .474 23 (20) (21) (22) (23) (24) (25) (26) 23 (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) 23 (20) (21) (22) (23) (24) (25) (26) .757
BUN [mg/dl]
17 (16) (17) (18) (19) 17 (15) (16) (17) (18) (19) 18 (16) (17) (18) (19) (20) . 724 19 (17) (18) (19) (20) 18 (16) (17) (18) (19) (20) 19 (17) (18) (19) (20) study population experienced a performance drop with a median decrease of 16% (12-22%). The remaining individuals presented with a median improvement of 18% (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . For selection of model coefficients, univariate correlations between performance changes and biochemical parameters were undertaken (see Table 3 ) within the model training sample. The following parameters with significant correlation coefficients were selected as predictor variables for subsequent binary logistic regression models: total cholesterol (ρ = -4.060, p = .021), ALAT (ρ = 0.526, p = .007), BUN (ρ = 0.476, p = .016), folic acid (ρ = -0.521, p = .008) and MPO (ρ = 0.404, p = .045).
Model design
A binary logistic regression model predicting a performance drop (between baseline and follow up) by baseline total cholesterol, ALAT, BUN, folic acid and MPO levels was compiled within the model training sample: https://doi.org/10.1371/journal.pone.0177174.g001
Blood markers predict running performance
In subsequent ROC-analysis, the highly significant model (χ 2 = 21.412, df = 5, p = .001) yielded an excellent [38] area under the curve (AUC): 0.951±0.050, p<0.0001 (see Fig 2) . According to the Youden index method, an estimated probability of >0.33 was the optimal cut-off for prediction of performance drops, leading to 100% sensitivity and 89% specificity (see Table 4 ).
Model validation
As described above, the probabilities for performance drops were predicted for individuals in the test sample using the model parameters of the model training sample. The area under the resulting ROC-curve was not significantly different from that of the model training sample: 0.786±0.098, Z = 1.498, p = 0.134. When applying the identical cut-off (<0.33), a decrease in performance was found with 79% sensitivity and 63% specificity (see Table 3 , Fig 3) . Also, for the total study population (training + test sample), the ROC-analysis resulted in highly significant F-statistics (AUC = 0.868, p < .001). Predicted versus observed data is depicted in Fig 4 . 
Mechanistic considerations
Muscle breakdown parameters and liver injury. Intensive physical exercise leads to muscle breakdown, [39] and as a consequence to the release of muscle-born enzymes and degradation products such as transaminases and urea. [40] However, especially the increment in ALAT, which is produced by the liver as well, might be a result of exercise-induced liver damage. Shin and coworkers found that the changes in hepatic metabolism depended on the running distance. [41] From this, it could be derived that recurrent, intense training will lead to both higher levels of those breakdown parameters and better future performance. Indeed, we found significant univariable associations between future performance and baseline ALAT (ρ = 0.526, p < .01) and BUN (ρ = 0.476, p < .05). Lippi et al. reported a significant univariable correlation between urea and running times in a half-marathon (r = -0.408, p = .007), but not for ALAT (r = -0.120, p = .442). [19] However, elevated activities of ALAT were observed by Petterson et al. for up to seven days post exercise. [42] Total cholesterol. In our cohort, lower cholesterol was linked to better future performance (ρ = -0.460, p < .05). The lipid lowering capacity of distance running is well known in literature. [13] For marathoners, Williams described an intensity-dependent effect: male marathoners with longest usual weekly runs of !15 km presented with 34% lower odds of requiring anti-lipidemic treatment when compared to men running <5 km per week. [30] Kobayashi et al. registered a decrease of total cholesterol levels starting two days after a marathon run and lasting a week. [31] If all this is taken together, lower total cholesterol levels again might be an indicator of training volume.
Folic acid. In univariable analysis, folic acid levels were inversely related to future performance (ρ = 0.521, p < .01). Interestingly, Herrmann et al. registered a considerably high proportion of individuals with low pre-run folate levels among recreational athletes. Unfortunately, they did not report corresponding running times. As a possible mechanism, they suggested increased folate consumption during regular endurance exercise. [15] Two decades earlier, Matter et al. reported the same findings for female marathoners. According to them, substitution of folate did not affect performance. [14] Hence low circulating folate might well be a mere symptom of intensified training.
Myeloperoxidase. Myeloperoxidase is the main effector molecule of neutrophil antimicrobial response. Although its site of action is primarily the phagosome, myeloperoxidase can be released into the blood stream or the intercellular space as well, e.g. in the course of system inflammation, [35] as occurs during intensive endurance training. Suzuki et al. reported increased MPO levels immediately after marathon running. The resulting oxidative stress might be attenuated by simultaneously up-regulated anti-inflammatory cytokines. [16] A comparable increase of MPO during a marathon was also shown by Henrotin et al. However, the authors could not find any relationship between MPO levels and performance. [17] Interestingly, Hessel et al. reported that lipid peroxides remained increased for at least one week after a marathon. [18] Since MPO is considered a major catalyst for the initiation of lipid peroxidation, [43] their findings can be interpreted as being in line with our results.
The interplay between blood markers and physical performance. It is well established that physical exercise must be seen as a pre-analytical factor. [12] This means that exercise alters a broad variety of metabolic processes which are then reflected by specific alterations in blood markers. As a consequence, one's physical habits must be taken into account when interpreting blood test results. [44] During exhaustive exercise, tissue damage leads to the release of organ-specific markers into the bloodstream, which in turn causes an inflammatory response. [45] Moreover, reactive oxygen species (ROS) are produced and regulate muscle contraction and fatigue. [46] As a compensatory response, recurrent physical activity leads to elevated resistance against the oxidative stress caused by an increase in ROS. [46] At the same time, the consumption of blood lipids increases as a result to enhanced lipoprotein lipase activity [47] and lipoprotein particle composition [48] . Likewise, the increment in metabolic turnover might consume a higher amount of folate, which is a common cofactor in various metabolic reactions. [15] Of note, our data does not provide evidence for causal relationships between the assessed blood markers and future fitness decrement. It is more likely that both, fitness decrement and changes in blood test levels depend at least partly on the same multiple factors, as e.g. on training volume, nutrition and recovery time [12] . As a result, different training efficacies might 1) influence the degree to which the exercise induced blood changes occur and 2) simultaneously determine subsequent fitness states. This enables the usage of the affected biochemical parameters as surrogates for training motivation, allowing for prediction of future running performance.
Scope of applicability
To the best of our knowledge, this is the first study reporting a statistical model for predicting future performance changes using a set of blood parameters in a cohort of elderly marathon runners. Our results can be considered as highly valid for the cohort of elderly marathon runners, since the model's goodness of fit was comparably high in both the model training and the test sample (p = 0.134). However, future investigations must examine whether the model can be translated to other disciplines and age cohorts.
As mentioned above, not many studies have been conducted investigating the predictability of future physical performance and only a handful concentrate on laboratory parameters. Knechtle et al. aimed to predict half-marathon race times by percent body fat and running speed during training, both assessed three months prior to competition. R 2 were 0.42 for male and 0.68 for female runners. [9] In comparison, our model reached a Nagelkerke's R 2 = 0.789 within the model training sample. Regarding laboratory results, Lippi et al. reported correlations between mean platelet volumes and α-amylase levels which were assessed immediately before marathon running and running times. In univariate analysis, MPV correlated with running times by r = 0.450 (p = 0.002) and α-amylase by r = -0.598 (p<0.001). After controlling for anthropometric variables, p-values rose to 0.042 and 0.021 respectively. [6, 19] Unfortunately, the authors did not report any effect sizes for multivariable analysis which would allow comparison with our model. Hence it can only be stated that Lippi yielded univariate correlation coefficients comparable with our results. Bobbert et al. reported significant correlations between leptin assessed two days before a marathon and marathon times after adjusting for age and BMI (r = 0.412, p = 0.036). [20] A correlation coefficient of 0.412 corresponds to an R 2 of 0.170, which is well below the R 2 of our model.
It must be emphasized that our study did not aim to predict future marathon times, but general physical performance. However, there is good evidence that treadmill performance can be directly linked to running times. In this context, Till et al. estimated marathon running times by results from treadmill tests which took place two weeks prior to the marathon race. [49] In detail, the treadmilling protocol contained a 5-minute warm-up period at a 4% incline and a speed of 4km/h followed by stepwise progression every three minutes until voluntary exhaustion. Together with other parameters, treadmill times were further used to predict marathon times. Unlike sex, running hours per week, years of running and age, treadmill time was the only significant predictor (F = 8.19, p<0.01) of marathon performance time (adjusted R 2 = 0.447). Studies assessing long-term predictability of physical performance in marathoners are simply not available. After replication in different cohorts, our model might provide a powerful tool for sportsmen and coaches during the adaption of training methods.
Limitations of the study
Of course, the present study comes with several limitations. In this regard, the overall sample size can be considered as quite moderate. However, the number of study participants compares very well to other studies published in the field: Lippi et [20] and Till et al. reported results from 59 marathoners. [49] Moreover, the sample size was obviously large enough to allow for statistically significant results, thus the sample could not be considered to be underpowered. Furthermore, the proportion of female participants is relatively low. Nevertheless, the composition of the cohort is representative for the overall population of elderly Austrian marathon runners: among marathoners above the age of 60 participating in the 2015 Vienna City Marathon, only 4.7% were female.
Conclusion
Standard laboratory parameters could indeed be useful in monitoring training efficacy, as our findings suggest. It should be emphasized that our findings must not be interpreted in the sense that athletes should seek higher levels of muscle breakdown parameters or oxidative stress in order to enhance their future physical performance. Rather, the composition of the circulating analytes is more or less a mere symptom of recurring endurance training, which might lead to the desired capacity, and could thus be seen as a surrogate for persistent training motivation. Of course, further investigations on independent cohorts are necessary to assess the limits of our model's applicability.
